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Abstract 
The potential impacts of climate change, recent world events, and a dramatic rise in oil prices have resulted in 
renewed interest in alternative transportation fuels.  When considering the many options, tradeoffs exist between 
environmental, energy security and economic concerns.  A portfolio of multiple alternatives that balances these 
concerns may turn out to be the most prudent.  In particular, the coupling of conventional and non-conventional 
fossil resources with carbon sequestration and renewable biomass may mitigate greenhouse gas (GHG) emissions 
from fossil carbon-intensive resources, while providing economic and security benefits.  To achieve this result, it is 
very desirable that all resources employed produce fungible fuel blending components, so that single, specification- 
fuels can be easily supplied.  As a first step in examining the alternatives, it is necessary to establish baseline life-
cycle greenhouse-gas emissions profiles for current and future alternative-transportation fuel supply-chains.  JM 
Energy Consulting has been working with clients involved in development of alternative fuels technology to 
establish such baselines.  This paper presents some results from these analyses, which examine both conventional 
and non-conventional resources for the production of jet and automotive diesel fuels.  The primary focus here is on 
the upgrading/refining step that converts the energy resource as produced into finished distillate fuels.    
 
A bottom-up approach is taken to estimating GHG emissions using process-level data and models.  This approach 
not only allows the carbon footprint of the various fuel chains to be distinguished, but also provides valuable 
insights relative to the carbon intensity of the various upgrading and refining steps required to produce specification 
distillate fuel blends.  Resources considered here are seven classes of conventional crude oils, bitumen, shale oil, 
and three XtL feedstocks, natural gas, bituminous and subbituminous coal.  Also briefly discussed are opportunities 
for co-processing of sustainable biomass resources and the capture and sequestration of CO2 generated during 
processing.   
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1. Introduction 
Only a small number of serious studies have been undertaken to quantify the GHG life-cycle emissions of 
transportation fuel chains for petroleum and alternative transportation fuels.  These include the work of the late T.J. 
McCann [1] in Canada, Marano and Ciferno at the National Energy Technology Center [2], and Wang at Argonne 
National Laboratory [3], and a few others.  These studies have touched on a number of key issues necessary to 
quantify and understanding emissions both at the plant level and in totality:  
 
1) Emission inventories are fuel chain dependent.  Aggregate estimates do not provide a comprehensive 
picture of the existing situation.  Life-cycle GHG emissions for petroleum-derived fuels are dependent on 
activities occurring semi autonomously at the different links in the fuel chain: crude oil production, 
transport, refining, product distribution, and end use.  Many alternative options exist at each step, and these 
alternatives can have widely differing emissions profiles.  For example, in petroleum refining the 
processing used to upgrade a barrel of crude depends on the properties of the specific oil, the existing 
processing capabilities within the refinery of interest, the desired products for the market being served by 
this refinery, and even the season of the year.  Similar variability exists in the other parts of the fuel chain.   
2) Emissions inventories for petroleum products and alternatives are dynamic.  For petroleum, the current 
situation has developed over time and will continue to do so.  Existing technologies are evolving and newer 
ones are being developed to meet the requirements of a constantly changing market place.  As an example, 
U.S. demand for distillate fuels is now growing at an accelerated pace relative to gasoline.  Refiners are 
currently developing a number of strategies to supply this shift in product slate.  Part of this shift is in 
response to the Renewable Fuels Standard enacted in the U.S. in 2005, which is resulting in more ethanol 
being blended into gasoline.  The result, refinery processing must be changed to eliminate this “avoided” 
gasoline from the product slate.  An unintended consequence of the expanded use of ethanol may be an 
increase in GHG emissions from petroleum refining.    
 
Focussing on the aggregate and on the stagnant can result in the loss of a great deal of understanding.  Insight that is 
necessary in order for politicians to develop sound laws and policies, regulators effective rule-making and 
enforcement, and industry sound strategies for implementing plant-specific GHG emission reduction programs.   
 
Table 1 below, compiled from information found in the above citations, provides an overview of the life-cycle GHG 
emissions for the fuel chains discussed in this paper.  The focus of the remainder of the paper will be on the 
variability of GHG emissions for the refining link in the distillate fuel chain. 
2. Methodology 
To examine all possible variations in crude oils, alternatives, plant locations and processing options, etc., is 
impossible, and in any event, the current situation is sure to have changed by the time this could be completed.  The 
strategy taken here (one used by industry analysts for a long time) is to examine representative classes of 
alternatives.  For example, while all crude oils and all refineries processing these crude oils are different, they can be 
lumped into a much smaller set of categories.  For example, petroleum refineries are often classified as topping, 
complex, deep-conversion, or pretrochemical refineries.  This terminology describes the level of processing and 
complexity that exists in any given facility.  U.S. refineries are the most complex in the world, and in this paper the 
focus will be on deep-conversion refineries, common along the U.S. Gulf Coast.  This type of refinery has the 
processing capability to transform the complete barrel of crude oil in to light fuels such as gasoline, jet and diesel.   
 
Figure 1 depicts the process configuration to be found in a deep-conversion refinery.  We will also limit the 
discussion here to the production of distillate fuels, jet and diesel fuel.  The deep-conversion refinery shown 
includes catalytic cracking and delayed coking units.  It is these two processes which allow the portion of the barrel 
of crude heavier than diesel fuel to be cracked to produce additional light product.  They also enable this type of 
refinery to process heavier and higher-sulfur crudes that are less desirable oils for refining into transportation fuels.       
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Figure 1. Schematic of a Deep-Conversion Refinery 
 
Every crude oil from around the world is also different.  However, again we can lump types of crude oils together in 
terms of some key properties, density (API gravity) and sulfur content.  Table 2 shows one such crude oil 
classification.  The first six classifications are referred to as conventional crude oils, and the last is an 
unconventional crude oil, typified by bitumen derived from Alberta oil sands or Orinoco heavy oil produced in 
Venezuela.  Also considered here are shale oil and Fischer-Tropsch synthetic fuels derived from either natural gas, 
bituminous, or subbituminous coal.      
 
Table 2.  Crude Oil Classifications 
 
 
 
 
 
 
 
 
 
As mentioned above, the analysis presented here is restricted to distillate fuels (a similar analysis can be performed 
for gasoline or other petroleum derived or synthetic products).  The processing pathways through the refinery are 
indicated by the high-lighted boxes arrows and boxes.  To perform the GHG estimates for the refining of petroleum 
into distillate, emissions must be estimated for each of these high-lighted boxes that depict individual process steps 
in the distillate fuel chain.  Since the refinery is highly integrated, and most of the processes produce other co-
Domestic Imported
Low Sulfur - Very Light Crude Oil or Condensate LV >38 <0.5 West Texas Intermediate North Sea Forties
Low Sulfur - Light Crude Oil LL 32 - 38 <0.5 Louisiana Light Sweet Nigeria Bonny Light
Medium Sulfur - Light Crude Oil ML 32 - 38 0.5 - 1.0 - North Sea Brae
High Sulfur - Light Crude Oil HL 32 - 38 >1.0 West Texas Sour Saudi Arab Light
Low Sulfur - Medium Crude Oil LM 22 - 32 <1.0 - Ecuador Oriente
High Sulfur - Medium Crude Oil HM 22 - 32 >1.0 Alaska North Slope Saudi Arab Heavy
High Sulfur - Heavy Crude Oil (in situ ) HH 10 - 22 >1.0 California Kern River Venezuela Bachaquero
High Sulfur - Very Heavy Crude Oil or Bitumen HV <10 >1.0 - Alberta Bitumen
ExamplesSulfur
wt%
Gravity
oAPICode
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products such as gasoline, it is necessary to allocate emissions from each process to its products.  Allocation can be 
a tricky business, and has been widely discussed in the life-cycle analysis literature.  The details of this procedure 
are lengthy and cannot be adequately discussed in the short space available here.  The reader is referred to Wang [3] 
for an excellent discussion of this matter in regards to petroleum refining.  A future paper will an appropriate forum 
is planned to take up this discussion. 
3. Results 
Results for three of the crude oil classes analyzed are presented in Table 3 below.  The diesel fuel blends for each 
crude oil consist of four components, all of which have been hydrotreated to a sufficient degree to be used as diesel 
blendstocks.  The four streams are derived from straight-run distillate produced directly by the crude distillation 
unit, diesel produced by the delayed coker, and diesel produced from catalytic cracking of either straight-run gas oil 
or coker-derived gas oil.  Focusing on the low-sulfur light crude oil, it can be seen that there is a wide variation in 
carbon footprint for the four blending components, with the straight-run material nearly 30% lower than the most 
highly processed material, the cat cracker diesel produced from the coker gas oil.  Similar results hold for the 
heavier and higher sulfur crude oils.  Though, the footprint for the corresponding streams from each crude does 
increase as crude oil API gravity decreases and sulfur increases.   This effect is most pronounced in the cracked 
stocks.  
 
Table 3 also provides the carbon footprint for the blended diesel product originating from the three crudes 
investigated.  These are 526, 551 and 591 for the low-sulfur light, high-sulfur light and high-sulfur very-heavy crude 
oils, respectively.  These differences are not solely the result of differences in gravity and sulfur content.  In addition 
they have a strong correlation with the overall boiling point distribution of the crude oil.  The heavier the crude, the 
larger the fraction of the barrel that must be cracked to produce light products.  This is readily apparent for the 
heaviest crude oil. 
4. Conclusions 
The analysis presented here gives some idea as to the variability in life-cycle GHG emissions that result based on 
differences in starting material and the processing required to produce finished product.  While not analyzed here, 
these differences carry over to the resource extraction component as well.  Today, all the types of crude oil classified 
in Table 2 along with bitumen and bitumen derived syncrudes from Alberta are being processed in the U.S.  While 
there is only antidotal evidence that crude oils produced around the world are getting heavier, the U.S. is set to 
increase its reliance on sources of heavier crude.  In the longer term, the U.S. may decide to produce transportation 
fuels from oil shales and coals.  Understanding, the relationship between these different starting materials, their 
processing and their emissions can allow mitigation strategies to be designed so that a balanced approach can be 
achieved in achieving future climate change, energy security and economic objectives.  Improved efficiency, 
supplemented by carbon capture and sequestration along with the introduction of fungible biofuels, may be an 
attractive solution. 
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Table 3. GHG Inventory for the Refining of Petroleum to Produce Diesel Fuel 
GHG emissions are in tons CO2 eq. per 1,000 barrels of diesel product 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
API Sulfur ARC
38.0 0.46 wt% 34 vol%
De-Sulfurized Diesel Blendstocks SRD CCD(VGO) CCD(DGO) CKD Blend
Refining  (combustion) 9.60 54.11 76.07 50.53 27.12
Refining  (electricity-grid ave.) 7.90 13.76 15.99 11.44 10.05
             (electricity-coal ave.) 12.46 21.70 25.23 18.04 15.85
End-Use (combustion) 472.60 517.92 540.39 481.96 489.39
Sub Total w/grid electricity 490.10 585.79 632.46 543.92 526.56
              w/coal electricity 494.66 593.73 641.69 550.52 532.36
API Sulfur ARC
35.2 1.74 wt% 43 vol%
De-Sulfurized Diesel Blendstocks SRD CCD(VGO) CCD(DGO) CKD Blend
Refining  (combustion) 13.97 66.05 109.30 66.05 45.17
Refining  (electricity-grid ave.) 8.29 14.68 19.24 12.87 11.72
             (electricity-coal ave.) 13.08 23.15 30.35 20.30 18.48
End-Use (combustion) 469.24 525.25 549.22 489.91 494.37
Sub Total w/grid electricity 491.50 605.98 677.77 568.83 551.26
              w/coal electricity 496.28 614.45 688.88 576.26 558.02
API Sulfur ARC
17.6 2.38 wt% 70 vol%
De-Sulfurized Diesel Blendstocks SRD CCD(VGO) CCD(CGO) CKD Blend
Refining  (combustion) 14.16 75.88 129.57 75.88 55.87
Refining  (electricity-grid ave.) 8.31 15.42 24.03 15.62 13.58
             (electricity-coal ave.) 13.10 24.32 37.91 24.63 21.41
End-Use (combustion) 497.66 546.91 569.85 508.40 521.87
Sub Total w/grid electricity 520.13 638.21 723.45 599.90 591.32
              w/coal electricity 524.92 647.11 737.32 608.91 599.16
API Sulfur ARC
29.6 1.61 wt% 49 vol%
De-Sulfurized Diesel Blendstocks SRD CCD(VGO) CCD(CGO) CKD Blend
Refining  (combustion) 12.73 65.78 106.19 64.72 43.37
Refining  (electricity-grid ave.) 8.18 14.65 19.88 13.36 11.84
             (electricity-coal ave.) 12.90 23.11 31.35 21.08 18.68
End-Use (combustion) 479.73 530.30 553.49 493.72 502.07
Sub Total w/grid electricity 500.65 610.74 679.55 571.80 557.29
              w/coal electricity 505.37 619.19 691.02 579.51 564.13
a PADD 3 Composite = 30% LL + 37% HL + 33% HV Crude Oils
SRD - Straight-Run Diesel CCD(VGO) - Cat Cracker Diesel from Vacuum Gas Oil
CKD - Coker Diesel CCD(CGO) - Cat Cracker Diesel from Coker Gas Oil
ARC - Atmospheric Reduced Crude
Low-Sulfur Light Crude Oil
High-Sulfur Light Crude Oil
High-Sulfur Very-Heavy Crude Oil
PADD 3 Composite Crude Oila
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